Previous work from this laboratory revealed the presence of at least three distinct intracellular calcium compartments in intact segments of rabbit aorta. In this study one of these intracellular compartments is shown to be sensitive to dinitrophenol and to increased extracellular phosphate. Intact aortic segments were loaded with 45 Ca in bicarbonate-buffered physiologic salt solution for 1 hour, and then transferred to a flow-through chamber perfused with physiologic salt solution. Effluent from the chamber was collected for 8 hours, and 4S Ca efflux curves were analyzed using compartmental analysis. When aortic segments were loaded and washed out in dinitrophenol, the slowest component of the efflux curve was less prominent; in high phosphate it was more prominent. The rate constant changes required to account for these data were primarily in the exchange between the cytosolic and slowest intracellular calcium compartment, suggesting that the slowest calcium compartment resolved during the 8-hour washout was mitochondria). This compartment contained 5.4 ± 3.2 nmol calcium/g wet wt. tissue. The calcium flux across its membranes was 0.32 ± 0.04 nmol min~'g~'. Because this flux is much smaller than the plasma-membrane calcium flux, we suggest that, in normal physiological circumstances, plasma-membrane extrusion is more important for the removal of Ca from the smooth muscle cytosol than is uptake into this slow intracellular compartment. (Circulation Research 1986;59:85-92)
C ALCIUM is widely recognized to be important for all muscular contractions. The study of calcium regulation in vascular smooth muscle is therefore important for the understanding of excitation-contraction coupling and relaxation mechanisms in this tissue. An important specific question concerns the relative importance of cellular structures, such as plasma membrane and organelles, as calcium sources and sinks during contraction and relaxation. Various approaches such as subcellular membrane fractionation, 1 " 3 electron microprobe analysis, 4 and radioactive isotope 45 Ca tracer techniques have been adopted to address this question. However, tracer studies have been greatly hindered by the presence of extracellular bound calcium, which accounts for more than 90% of total muscle calcium and masks even large intracellular changes. 56 "Quenching" techniques such as the cold lanthanum wash, 7 cold EGTA wash, 8 and cold Ca-EGTA wash 9 were therefore developed with the intent of removing extracellular calcium.
In our previous study we developed a technique of compartmental analysis of long-term (8-hour) 45 Ca efflux to resolve intracellular calcium changes in intact segments of rabbit aorta without the use of "quenching" (companion paper). 10 We have shown that, in the rabbit aorta, extracellular calcium compartments have faster turnover rates than intracellular compartments. Because of this, intracellular calcium compartments are revealed at the end of a protracted washout, when most of the extracellular 45 Ca is gone. An advantage of this method is that intact tissues can be studied without homogenization or freezing. In addition, the method permits simultaneous examination of the major calcium handling processes under relatively physiologic conditions.
In our previous study, we formulated a compartmental model that describes calcium distribution in the rabbit aorta. 10 The structure of the model is shown in Figure 1 . Each compartment in this model has a kinetic identity and a physiological identity. The kinetic identity of a compartment is characterized by the rate constants into and out of the compartment and by the compartment's interactions with its neighbors. The physiologic identity, in this case, is some extracellular or subcellular structure.
In order to interpret the tracer data most effectively, it is desirable to determine the physiologic identities of the kinetically defined compartments. When applying the tracer method, compartment identification depends on relatively specific perturbations. Thus, when a specific calcium compartment is perturbed significantly, the 45 Ca efflux curve will be altered in a specific way. Using simultaneous compartmental analysis of the control and altered efflux curves, the perturbed calcium compartment can be tentatively identified based on the required rate constant changes. If the physiologic nature of the perturbation is known, the physiologic identity of the perturbed calcium compartment is re- vealed. The circumstantial case for an identification is strengthened as additional perturbations point to the same conclusion. Among the subcellular structures, likely candidates for intracellular calcium compartments are the mitochondria and sarcoplasmic reticulum." The objective of this study was to determine which, if any, of the compartments in Figure 1 corresponds to the smooth musle mitochondria. Dinitrophenol (DNP), the classic uncoupler of oxidative phosphorylation, is thought to reduce mitochondrial membrane potential by collapsing the proton gradient. 12 Since mitochondrial calcium influx is believed to be driven by the electrical potential across the inner mitochondrial membrane, DNP, would be expected to decrease mitochondrial calcium content. Indeed, this has been observed in isolated mitochondria from many tissues. 13 High phosphate, on the other hand, has been shown to stimulate mitochondrial calcium uptake. l4 The underlying mechanism is not completely understood but may be related to the anion's proton donating ability. 15 Based on these observations, we chose DNP (0.1 mM) and high phosphate (5 mM) as putative mitochondrial perturbations for the preliminary identification of mitochondrial calcium compartments in rabbit aorta.
Materials and Methods Experimental
New Zealand White rabbits, body weight 3.2-3.6 kg, of either sex were anesthetized with pentobarbital sodium (52 mg/kg IV). Each animal was first bled by transecting the abdominal aorta and then thoracotomized by a midline incision through the sternum. The upper part of the descending thoracic aorta was excised and quickly transferred to a physiologic salt solution (PSS) of the following composition (millimolar): 116.9 NaCl, 4.7 KC1, 1.2KH 2 PO 4 , 1.2 MgSO 4 , 28.0 NaHCO 3 , 5.5 D-glucose, 1.5 CaCl 2 , 0.026 CaNa 2 EDTA. In some experiments the PSS contained additional phosphate (5 mM total) or dinitrophenol (0.1 mM). All solutions were bubbled with 95% O 2 -5% CO 2 and were maintained at 37° C (pH 7.4). The isolated aortic segment was freed of adherent tissue, equilibrated for 1 hour, loaded with 45 Ca for 1 hour, and mounted in a flow-through efflux chamber. Appropriately timed samples of the effluent were counted by liquid scintillation as previously described. 10 This procedure is a steady state protocol in the sense that the bathing medium has the same chemical composition during the equilibration, load, and washout periods. Evidence indicating that a steady state is, in fact, maintained has been presented previously. 10 The high phosphate PSS contained (millimolar): 110.8 NaCl, 4.0 KC1, 1.9 KH 2 PO 4 , 3.1 Na 2 HPO 4 . Other concentrations were the same as in PSS. Dinitrophenol was purchased from Sigma, 45 CaCl 2 in water (specific activity 10-40 mCi/mg) was purchased from New England Nuclear or Amersham.
Modeling
The steady state protocol allowed the modeling of both uptake and efflux kinetics using the same set of rate constants. Furthermore, in a steady state, tracer kinetics will always be linear. 16 Therefore, 45 Ca kinetics in this study could be described by a system of linear differential equations with constant coefficients:
where F; is the tracer mass at the rth compartment at time t and L(i,j) is the rate constant governing the flux into the ith compartment from the y'th compartment, which is equal to the ratio: tracee calcium C°Ca) flux into the rth from they'th compartment tracee calcium mass in the jth compartment
The above symbols and nomenclature were adopted from Brownell et al. 17 Model predictions were compared to experimental data for goodness of fit by a generalized least-squares method. 18 These procedures are useful for testing explicit hypotheses formulated as quantitative models. However, they cannot, in general, rule out additional effects of the perturbations we employ. One can only say that the model does not require such additional effects in order to account for the data. The entire computing, comparing, and iterating procedure was performed with the aid of the interactive version of Berman's computer program, SAAM (Simulation, Analysis, and Modeling). 1920 The program was run on a Digital Equipment Corporation VAX 11/780 computer.
Once the rate constants had been determined by fitting the efflux data, steady state tracee calcium C°Ca) masses in all compartments and steady state fluxes between any two compartments were calculated for the known PSS calcium concentration using the matrix equation: LM + U = O, where L is the n x n matrix of rate constants with diagonal elements, L(/,i), defined as the negative sum of all the rate constants leaving the /th compartment, M is the vector of steady state masses, and U is the vector of steady state inputs. 18 This equation is a statement of mass conservation in a steady state. In the modeling process, no constraints were placed on the total tissue Ca content. Thus, steady state masses reported here are unmodified estimates of compartmental Ca contents for each experimental protocol.
Student's t test was used to compare the mean rate constants from different experimental groups.
Results
The efflux curves shown in the following figures represent efflux data normalized to two factors: 1) the activity of the 45 Ca loading solution, and 2) the blotted wet weight of the vessel segment.
When high-phosphate PSS was used for equilibration, loading, and washout, the resulting 45 Ca efflux curve was elevated compared to the normal PSS 45 Ca efflux. As shown in Figure 2 , the elevation was most prominent in later parts of the efflux curve. On the other hand, when DNP (0.2 mM) was added to the equilibration, load, and washout solutions, the resulting 45 Ca efflux curve was lower than the PSS 45 Ca efflux curve. The reduction was greatest in later parts of the efflux curve ( Figure 2 ). To further investigate whether DNP and high phosphate perturbed the same calcium compartments, experiments were performed to determine whether DNP could reduce or abolish the elevation of the efflux curve caused by high phosphate. An aortic segment was first equilibrated in a PSS containing 0.1 mM DNP and 5 mM phosphate for another hour. After these 2 hours of sequential equilibration, the segment was loaded for 1 hour with 45 Ca and subsequently washed out in a PSS containing both 0.1 mM DNP and 5 mM phosphate. As shown in Figure 3 , DNP (0.1 mM) almost abolished the stimulatory effect of high phosphate on calcium uptake.
The efflux data were analyzed based on the compartmental model shown in Figure 1 . To obtain best fits, all rate constants except L(0,l), L(l,2), L(2,1), L(2,3), and L(3,2) were iteratively adjusted. L(0,l) was the turnover rate of efflux chamber, which was set equal to the perfusion-flow-to-chamber-fluid-volume ratio. L(l,2) and L(2,l) describe the diffusional exchange between aortic interstitial fluid and chamber PSS and were assumed unaltered by 0.1 mM DNP or 5 mM phosphate. L(3,2) and L(2,3) describe Ca exchange across the vascular smooth muscle cell membrane, which was also assumed to be unaltered by 0.1 mM DNP or 5 mM phosphate. Whereas changing phosphate from 1.2 to 5 mM probably did not have much effect on plasma-membrane calcium exchange; it was not certain whether 0.1 mM DNP affected plasma-membrane calcium exchange.
However, we chose to treat plasmalemmal Ca exchange as unaltered by DNP or high phosphate for the following reasons. First, if DNP inhibited plasmamembrane calcium extrusion as a result of ATP depletion, calcium contents of intracellular compartments should increase; moreover, if the inhibition is so strong that plasma-membrane calcium exchange becomes rate limiting, only a slow monoexponential efflux curve should be observed. In contrast, a decrease in intracellular calcium contents was observed, and the efflux curve still appeared to have the same number of kinetic components. Second, as discussed previously, 10 because the plasma membrane was not rate limit- ing, plasmalemmal calcium exchange constants could not be resolved with this technique. A detailed discussion of the constraints used to set the exchange rate constants has already been presented. 10 The remaining rate constants were adjusted as required by the present efflux data. Rate constants that gave best fits to the individual efflux curves were obtained by iteration. The fractional standard deviation (FSD) of the rate constants obtained from an individual fit gave an estimate of the confidence interval for the measured rate constants. The average FSD was 0.19 ± 0.04. Figure  4 shows the best fits to typical high-phosphate and PSS efflux curves. The apparently vertical solid line at t = 60 corresponds to the model-predicted increase in efflux activity (from background to a maximum) when the 45 Ca-loaded aortic segment is transferred from the loading vial to the efflux chamber. Rate constants from individual best fits were averaged; the results are shown in Table 1 .
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With the above constraints, only nine rate constants were free to change; they were L(2,5), L(5,2), L(2,6), L(6,2), L(3,4) = L (3, 8) , L(4,3), L(3,7), L(7,3), and L (8, 3) . As shown in Table 1 , the only rate constant in the high-phosphate group that was significantly different from that in the PSS group was L(7,3), the rate constant governing transfer into Ca7 from Ca3. L(7,3) increased from 13.3 min" 1 in PSS to 48.9 min" 1 in high phosphate. All other rate constants in the highphosphate groups were not significantly different from those in PSS group. From the rate constants and known PSS calcium concentration, steady state compartmental calcium contents and fluxes in high phosphate could be estimated. As shown in Table 2 , only the calcium content of Ca7, the slowest intracellular compartment, was significantly perturbed by high phosphate; it inminutes FIGURE 4 . The best fit to a high phosphate 4S Ca efflux curve. The logarithmic ordinate is the efflux rate of 45 Ca from the efflux chamber; the abscissa is time after the beginning of loading period. Therefore time 0 to 60 minutes represents the loading period, and 60 minutes is the beginning of efflux. The loading period is included here because both loading and efflux of 45 Ca were modeled. Squares = data points; solid line = model fit; dashed line = a PSS best fit for comparison. *L(i J) = rate constant governing the transfer into the /th from thejth compartment; L( 1,2) was constrained to be 1.74; L(2,1) was constrained so that the interstitial space was 45% of total volume. L(2,3) and L(3,2) were constrained to be 559 and 0.02 respectively. tn = number of experiments; SEM = standard error of the mean. tWhen a parameter was held constant in fitting a particular group of data, no SEM shown. §Significantly different from PSS (Student's two-sided t test, p = 0.05).
creased from 54.9 nmol/g in PSS to 285 nmol/g in high phosphate. This increase was due to the increase in L(7,3) and corresponds to an increase in the steady state calcium flux between Ca7 and the cytosol from 0.3224 in PSS to 1.18 nmol min-'g" 1 in high phosphate.
To determine which intracellular Ca compartments were affected in the DNP experiments, these data were also analyzed based on the compartmental model shown in Figure 1 . As can be seen in Figure 2 , DNP not only perturbed the part of the efflux curve contributed by the slowest intracellular compartment, but also the part contributed by the two faster intracellular compartments, Ca4 and Ca8. Since 10 /U,M phenylephrine stimulates 45 Ca efflux in the presence of 0.1 mM DNP (data not shown), Ca4 was modeled as unchanged by DNP. Furthermore, a step application of 0.1 mM DNP at 60 minutes after the beginning of a PSS washout did not stimulate any increase in 45 Ca efflux. To account for this observation, the DNP data had to be modeled with no change in L (3, 8) . The remaining rate constants were adjusted as required by the data. The best fit to a typical DNP 45 Ca efflux curve is shown in Figure 5 . Rate constants derived from the individual best fits were then averaged. The results are shown in Table 1 . Dinitrophenol significantly perturbed only L (8, 3) . From the rate constants and known PSS calcium concentration, steady state calcium contents and fluxes in DNP were again calculated. As shown in Table 2 , DNP significantly perturbed only the calcium contents of Ca7 and Ca8. The calcium content of Ca7 decreased from 54.9 nmol/g in PSS to 44.0 rimol/g in DNP, whereas the calcium content of Ca8 decreased from 89.7 nmol/g in PSS to 0 nmol/g in DNP. The decrease in calcium content of Ca8 was accompanied by a decrease in the steady state calcium flux between Ca8 and the cytosol from 3.02 nmol min~'g~' in PSS to 0 nmol min~'g~' in DNP.
Discussion
Compartmental analysis of steady state tracer kinetics provides an alternative to cell fractionation and the "quenching" methods for assessing cellular calcium metabolism. This method has the disadvantage that two organelles, turning over at the same or nearly the same rate, will be difficult to resolve. However, an advantage of this method is that intracellular calcium contents and fluxes in an intact rabbit aorta can be Ot *Ca/ = calcium content in the /th compartment (mean ± SEM); Ca2 and Ca3 were constrained to be 677 and 0.024 nmol/g respectively. t/t = number of rabbits. Significantly different from PSS (Student's two-sided t test, p -0.05). §R0V) = calcium flux between the /th andyth compartment (mean ± SEM); R( 1,2) and R(2,3) were constrained to be 1180 and 13.5 nmol/tnin~'g~l respectively. measured simultaneously in relatively physiologic conditions. Unfortunately, it is not possible to identify the physiologic nature of a compartment based on a single experimental protocol. Instead, compartment identification depends on relatively specific perturbations. Phenylephrine, for example, was used in our previous study to differentiate between intracellular and extracellular calcium compartments. 10 In the present study, DNP and high phosphate were used to identify a putative mitochondrial calcium compartment and to confirm the intracellular location of Ca7 and Ca8. As shown in Table 2 , only the calcium content of the slowest intracellular calcium compartment (Ca7) was perturbed by both high phosphate and DNP. Furthermore, DNP almost abolished the stimulatory effect of phosphate on calcium uptake (Figure 3 ), a result that weakens the alternative hypothesis that the increment in Ca7 was actually contributed by calcium phosphate precipitated in the cytosol or in the extracellular space. These results suggest that the slowest calcium compartment (Ca7) resolved from the 8-hour efflux curves is mitochondrial. This suggestion was strengthened by the observation that changing phosphate from 1.2 to 5.0 mM perturbed only the slowest intracellular calcium compartment, which is important because phosphate at very high concentrations can also stimulate sarcoplasmic reticular calcium uptake. Thus, the putatively mitochondrial compartment contains 54.9 nmol calcium/g vessel wet weight, which is equivalent to 42.2 nmol/mg mitochondrial protein, assuming a mitochondrial protein content of 1.3 mg/g muscle wet wt. 21 This estimate of mitochondrial calcium content compares favorably with that of Deth and Casteels for the rabbit aorta. 22 The estimate also agrees with the finding of most studies on mitochondria isolated from other blood vessels. 23 * 25 However, Somlyo et al 4 reported a much lower calcium content in the rabbit portal-anterior mesenteric vein. It is not clear whether this difference is due to the particular muscle studied or to methodological differences. It had been proposed that the high mitochondrial calcium content might be due to calcium phosphate precipitation in the mitochondrial matrix. Although it is impossible to determine the physical state of the calcium in Ca7, the following calculation seems to support the above proposal. Ca7 has a turnover rate of 0.00584 min~', which is equivalent to a half-life of approximately 2 hours. It is conceivable that, at pH 7, calcium phosphate turns over with a comparable half-life. Because of this, it was necessary to consider the possibility that a simple calcium phosphate precipitate, either in the cytosol or in the extracellular space, was responsible for the additional efflux. Although the tracer method is generally unsuited for distinguishing among compartments with similar turnover rates, the sensitivity of the increased efflux to pretreatment with DNP suggests an organellar origin for the additional calcium.
As shown in Table 2 , 5 mM phosphate increased the putatively mitochondrial calcium content to 285 nmol/g whereas 0.1 mM DNP decreased it to 44.0 nmol/g. The stimulation of mitochondrial calcium uptake by proton-donating anions such as phosphate has been well documented." The high-phosphate 45 Ca efflux data are therefore consistent with studies of isolated mitochondria. On the other hand, although DNP almost abolished the stimulating effect of high phosphate on Ca7 calcium content (Figure 3 ), DNP had very small effect on the calcium content of Ca7 (Table  2) . Being a proton ionophore, DNP is expected to reduce the proton electrochemical gradient across the mitochondrial membrane. Since the mitochondrial calcium influx is believed to be driven by the electrical gradient across the mitochondrial membrane, DNP is expected to decrease the mitochondrial calcium influx and, hence, the mitochondrial calcium content. Therefore, the small effect of DNP on the normal mitochondrial calcium content suggests that the normal free calcium concentration gradient across mitochondrial membranes is small. Alternatively, it is possible that both Ca7 and Ca8 are mitochondrial. In this regard it is interesting that studies of isolated guinea pig heart mitochondria suggest the existence of two mitochondrial calcium compartments. 26 In order to account for the observation that a step application of 0.1 mM DNP did not stimulate an increase in 45 Ca efflux in our rabbit aorta, L (3, 8) was held constant during the fitting of the DNP data. To confirm that such a model was actually capable of accounting for the absence of DNP-stimulated efflux, computer simultations of the DNP step protocol were performed. The simulation also did not predict an increase in 45 Ca efflux activity. Therefore our simulation and the experimental results were internally consistent, but they were different from the findings of several investigators. 22 ' 27 - 28 It seems possible that the difference was due to differences in PSS composition since HEPES instead of bicarbonate was used to buffer their PSS and since their PSS contained no Mg +2 , SO 4 2 ", or phosphate.
As shown in Table 2 , the plasma membrane calcium flux was constrained at 13.5 nmol min''g~', which was equivalent to 0.025 pmol cnrr 2 sec~' assuming an extracellular space of 55% and a surface/volume ratio of 1.6 x 10 4 cm" 1 . 29 The basis of this constraint has been described in detail. l0 Comparisons of this plasma membrane calcium flux and the fluxes across organelle membranes ( Table 2) , shows that the plasma membrane calcium flux is the largest. As mentioned earlier, the exact magnitude of the plasma membrane calcium flux could not be resolved from the 45 Ca efflux data; however, the flux must be greater than 1.4 nmol min"'g"' because smaller values are inconsistent with our data. This lower bound estimate is still larger than the mitochondrial calcium flux (0.324 nmol min~'g~'; Table 2 ). Based on these calculations, we suggest that, in the rabbit aorta, the plasma membrane is more important than Ca7 (mitochondria) at least for rapid changes in cytosolic calcium such as the initial fast phase of vascular relaxation. 30 This suggestion is in general agreement with conclusions derived from mitochondrial membrane fractionation studies. 131 Such studies have shown, for example, that although mitochondria have a large capacity for calcium uptake, the K m for mitochondrial calcium uptake is so much larger than normal cytosolic free calcium concentration that this process is not likely to be an important calcium buffer during contraction or relaxation. 31 Although high phosphate appeared to be a specific perturbation of the Ca7, 0.1 mM DNP affected both Ca7 and Ca8. Since 0.1 mM DNP has been found to decrease the ATP content of Taenia coli, n it is conceivable that DNP does the same in aorta. Thus, the DNP data suggest that the calcium uptake mechanism in Ca8 is energy dependent. Consequently, a possible candidate for the identity of Ca8 is sarcoplasmic reticulum. This is consistent with the results of other investigators, 33 who found that calcium sequestration by SR normally dominates mitochondrial transport. Nevertheless, it was surprising that DNP had no effect on the phenylephrine-stimulated 45 Ca efflux. A possible ex-planation is that 0.1 mM DNP only reduced the cellular ATP concentration and that the enzymes for calcium transport into the agonist-releasable store have a higher affinity for ATP. Alternatively, one may be forced to consider possible compartmentation of ATP within the smooth muscle cell.
In summary: We have shown that tracer kinetic analysis with appropriate perturbations can be used to reveal the physiologic identities of kinetically distinct calcium compartments. In particular, we have used DNP and high phosphate to identify a putative mitochondrial calcium compartment in rabbit aorta. Because this represents an inference from data collected in the presence of several physiological and pharmacological perturbations, our conclusion must remain tentative. However, the calcium content and exchange flux of this compartment were also measured. This flux was found to be small compared to the flux across the plasma membrane, implying, if our physiological identification is correct, that in normal circumstances the plasma membrane is more important than the mitochondria in removing Ca from the smooth muscle cytosol.
